One-sentence summary: Brevundimonas sp. strain MRL-AN1 was newly isolated from soil that could degrade various polyester based biodegradable plastics. The degradation of polyesters by this bacterium has not been studied previously.
INTRODUCTION
Plastics are man-made long-chain polymeric versatile molecules, with excellent all-round properties and have replaced traditional metal, wood and leather materials (Sivan 2011) . The petrochemical-based plastics are resistant to the environmental influences such as humidity or microbial attack, and their use in large volume in various industries caused severe environmental problems in terms of solid waste. The production of biodegradable plastics is a potential way to reduce municipal solid waste since they can be recycled. During the past two decades, many biodegradable plastics have been developed and commercialized under different trade names (Hu et al., 2010) such as poly(3-hydroxybutyrate) (PHB), poly(ε-caprolactone) (PCL), poly(lactic acid) (PLA) and poly(butylene succinate) (PBS) (Tokiwa et al., 2009) . Among these, PCL has garnered particular interest because of its physical properties and compatibility with various polymers that make it an attractive substitute of non-biodegradable polymers for commodity applications (Tsuji, Kidokoro and Mochizuki 2006; Fukushima et al., 2010) .
The biodegradation of PCL has received much attention because of diverse application and disposal into the environment. Several researchers have reported that PCL is degradable in biotic environments including soil, seawater, active sludge and compost (Cho et al., 2011; Sekiguchi et al., 2011) . The degradation of PCL in nature is attributed to microorganisms that secrete extracellular PCL depolymerases such as esterase, cutinase and lipase (Murphy et al., 1996 (Murphy et al., , 1998 Tokiwa et al., 2009) . Hoang, Tseng and Shu (2007) and Tseng et al. (2007) reported thermophilic actinomycetes that could degrade PCL. Both bacterial and fungal strains such as Alcaligenes faecalis and Paecilomyces lilacinus, respectively, were demonstrated to degrade PCL (Oda et al., 1997) . In this study, a PCL-degrading bacterium Brevundimonas sp. strain MRL-AN1 was isolated and identified. To the best of our knowledge, there is no report on degradation of PCL by the genus Brevundimonas.
MATERIALS AND METHODS

Materials
Poly ( -caprolactone) 
Polyesters emulsion agar and films preparation
The emulsion of PCL was prepared by homogenizing PCL (2 g/l) with 0.05% (wt. vol −1 ) Triton X-100 in minimal salt medium (MSM) according to the method described by Nishida and Tokiwa (1993) . Agar (20 g/l) was added to the emulsion and poured into petri plates after autoclaving. The emulsions of other polyesters were prepared by the same procedure. The PCL film was prepared by dissolving PCL pellets (1 g) in 40 mL of methylene chloride, and then poured into four clean glass petri dishes in equal amounts to prepare thin films. The methylene chloride was allowed to evaporate slowly by placing the covered petri dishes in desiccators (Shah et al., 2013b) . This film (∼0.2 mm in thickness) was sterilized using 70% ethanol and UV radiation. All the other films were prepared by the same procedure.
Isolation of PCL-degrading bacteria through enrichment
Soil samples were collected from different areas of Quaid-iAzam University Islamabad, Pakistan, in sterilized polyethylene bags. PCL-degrading bacteria were isolated from these samples through enrichment technique, with slight modifications in the method as previously described (Shah et al., 2013b 
Identification of selected bacterial strain
The selected bacterium with PCL-degrading ability was identified morphologically as well as through microscopic examination by the method as previously described (Shah et al., 2013a) . 16S rRNA gene sequencing was also performed for the identification of the bacterial isolate, designated as strain MRL-AN1 (Akbar et al., 2013) . The full-length gene was amplified from DNA using 27F (5 -AGAGTTTGATCCTGGCTCAG-3 ) and 1494R (5 -CTACGGCTACCTTGTTACGA-3 ) bacterial primers. The 20 ml reaction mixture consisted of sample DNA 1 ml, PCR buffer 2 ml, deoxynucleotide triphosphate (dNTP) mix 2 ml, forward and reverse primer 2 ml each, Ex Taq DNA polymerase (Takara Shuzo, Otsu) 0.5 ml and distilled water 10.5 ml. At first, the reaction mixture was incubated at 96
• C for 4 min. 
PCL degradation studies
Degradation of PCL film by strain MRL-AN1
PCL films were incubated with strain MRL-AN1 for different time intervals to study its degradation behavior by measuring weight loss. The test was carried out in shake flask culture by taking 100 mg PCL film pieces in 90 ml MSM as the sole carbon source and inoculated with 10 ml (v/v) of 24 hr old culture. The flask was incubated in an orbital shaker incubator at 37
• C and 150 rpm for 10 days. Both biotic (without PCL film piece) and abiotic (without bacterial cells) were run in separate. The experiment was run in triplicate.
SEM and FT-IR of PCL film pieces
After incubation with strain MRL-AN1, PCL film was recovered and examined for surface changes through scanning electron microscopy (SEM) (Hitachi SU 1500, Japan). Fourier transform infrared (FT-IR) was employed for detection of changes in the functional groups in the chemical structure of PCL film. The spectrum of PCL film was taken in single at 500-4000 wavenumbers cm −1 for each sample and compared with that of abiotic control.
PCL depolymerase assay
PCL depolymerase activity was determined by modified method of Park et al. (2007) using p-nitrophenyl butyrate (pNPB) as chromogenic substrate for esterase assay. Stock solution of pNPB was prepared in acetonitrile. 0.3 ml of culture supernatant was added to 2 ml phosphate buffer along with 25 μl substrate and 10 μl of ethanol. The reaction mixture was incubated at 37
• C for 20 min, and then OD was calculated at 410 nm through spectrophotometer. The experiment was run in triplicate in shaker incubator, and a control was run in separate for each experiment. The enzyme activity was calculated at 24 hr interval for the maximum up to 96 hr. One unit of enzyme was defined as the amount of enzyme required to liberate 1 μmole of p-nitrophenol per min. Protein concentration was determined as described by Lowry et al. (1951) .
Production and purification of PCL depolymerase 2 ml of 24 hr old culture was added into a 500 ml Erlenmeyer flask with 98 ml of MSM containing 0.5% PCL emulsion as the sole carbon source. The flask was shifted into shaker incubator (150 rpm) for 72 hr at 37
• C. After incubation, the culture broth was centrifuged at 8000×g for 10 min at 4
• C in centrifuge (Kokusan Model H-251) and the supernatant was collected. Finely ground ammonium sulfate (NH 4 ) 2 SO 4 of protein precipitation grade was added to the supernatant up to the maximum of 80% saturation. The solution was centrifuged, and precipitate was dissolved in 6 ml of 50 mM Tris-HCl buffer (pH 8.0). The crude protein was first dialyzed by protein dialysis kit to remove excess of salt. Crude enzyme extract was purified by size exclusion chromatography using column (10/50 mm) packed with Sephadex G-75. A sample of 2 ml was loaded in the column and eluted by using 50 mM Tris-HCL buffer at a flow rate of 3.0 ml/5min. A total of 22 fractions (3 ml each) were collected.
Fractions showing maximum enzyme activity were pooled and then lyophilized; the concentrate was resuspended in the same buffer. The molecular mass of the purified PCL depolymerase was determined using SDS-PAGE with standard protein marker (Bio-Rad, USA) (Laemmli 1970 ).
Characterization of purified PCL depolymerase
Substrate specificity
The substrate specificity towards various p-NP acyl esters such as acetate (C 2 ), butyrate (C 4 ), caproate (C 6 ), octanoate (C 8 ), decanoate (C 10 ), dodecanoate (C 12 ), palmitate (C 16 ) and stearate (C 18 ) was determined by the method of Eggert et al. (2000) . The degradation ability of purified PCL depolymerase from strain MRL-AN1 against other polyesters (PES, PLA, PHB and PHBV) was investigated. One unit of PCL depolymerase was added to different polyesters emulsions in 50 mM phosphate buffer; a control for each polyester was run in separate with no enzyme. The phenomenon of progressive transparency of polymer emulsions was used to evaluate polymer degradation.
Effect of temperature and pH on enzyme activity
The effect of temperature on enzyme activity was determined by pre-incubating the enzyme sample in 20 mM phosphate buffer at different temperatures (20-55 • C) for 1 hr, and residual activity was measured using the standard assay conditions. The effect of pH on enzyme activity was studied over a pH range of 4.0-10.0. The pH stability of the enzyme was determined by incubation with different buffer systems at 37
• C for 1 hr, and residual activity was measured using the standard assay conditions. 
Effect of metal ions, chemical reagents and solvents
Statistical analysis
The experiments were run in triplicate. Two-way ANOVA, LSD and Ducan's multiple range test analyses were done. P value of 0.05 was set as a level of significance. The data are expressed as mean standard errors.
RESULTS
Screening of PCL-degrading bacteria
Soil samples were screened for PCL-degrading bacteria through enrichment and plate assay. Out of five different strains, one bacterium was selected on the basis of its growth and rate of hydrolysis of PCL on polymer emulsion agar plates. The strain was designated as MRL-AN1.
Identification of strain MRL-AN1
Characterization and phylogenetic analysis of strain MRL-AN1 Strain MRL-AN1 was aerobic, gram-negative, rod-shaped, nonmotile bacterium, with optimum growth temperature 37
• C (30-55
• C) and pH 7.0 (4-9). The bacterium was positive for the following characteristics: casein and lipid hydrolysis; gelatin liquefaction; oxidase; catalase; citrate utilization; indole production; nitrate reduction; and Voges-Proskauer; whereas negative for starch hydrolysis; methyl red and urease test. The sequencing results showed that a total of 1696 nucleotides of 16S rRNA of strain MRL-AN1 were used for identification. The sequence was aligned with reference sequences obtained from NCBI GeneBank. The phylogenetic analysis of the 16S rRNA sequence revealed that the strain MRL-AN1 belongs to the genus Brevundimonas having 99% similarity with several strains of Brevundimonas but the closest one is Brevundimonas sp. (JF274919) based on maximum score (Fig. 1) .
Degradation of PCL film by strain MRL-AN1
The time course of PCL degradation at 37 • C is shown in Fig. 2 .
More than 80% of PCL film was degraded by strain MRL-AN1 within 10 days. During PCL film degradation, an esterase activity was detected in the culture broth. PCL degradation in un-inoculated control was not observed until 10th day of incubation.
Analysis for degradation of PCL film by strain MRL-AN1
Scanning electron microscopy (SEM) SEM was performed in order to confirm alteration in physical structure of PCL film after incubation with strain MRL-AN1. Fig. 3(B-D) indicates the appearance of widespread pits and holes on the surface of PCL film within 10 days of incubation, while the abiotic control remained unchanged (Fig. 3A) . 
FT-IR spectroscopy
According to the FT-IR spectrum, peaks at 1771 and 1164.9 cm
that represent functionality for the carbonyl group of esters were almost disappeared. New peaks appeared at 1689 and 1489 cm −1 , representing C=C formation due to breakdown of C-H bond (Fig. 4b) . The results indicate that ester hydrolysis took place at the time of incubation with strain MRL-AN1. No change was observed in abiotic control.
Purification of PCL depolymerase
PCL depolymerase was recovered from Brevundimonas sp. strain MRL-AN1 after 80% ammonium sulfate precipitation and purified by column chromatography using Sephadex G-75 (Table 1) . Molecular weight of purified PCL depolymerase was determined by SDS-PAGE after calculation of protein retention value (Rf). The molecular weight was calculated as 63.49 kDa (Rf = 0.630 95) (Fig. 5) .
Characterization of purified PCL depolymerase
The ester cleavage rate of enzyme increased significantly as the number of carbon atoms increased from C 2 to C 6 , but gradually started decreasing from C 8 to C 18 (Fig. 6) . PCL depolymerase efficiently degraded various aliphatic polyesters besides PCL such as PES, PLA, PHB and PHBV, as indicated by complete disappearance of turbidity of plastics emulsion within 48 hr (data not shown). The enzyme was stable over a wide temperature range (20-45
• C) with maximum stability at 30 and 37
• C even after 1 hr incubation (P < 0.05) (Fig. 7a) . The enzyme showed good stability in a broad pH range (5.0-9.0), retaining more than 80% activity in the pH range 6.0-8.0 (P < 0.05) (Fig. 7b) . The enzyme retained more than 80% of its activity in the presence of different metal ions except Fe 2+ and Zn 2+ that inhibited the enzyme activity (P < 0.05) (Fig. 7c) . The PCL depolymerase was stable in the presence of β-mercaptoethanol, EDTA and Tween-20, while inhibited by PMSF, SDS and Triton X-100 (P < 0.05) ( Fig. 7d and e) . Fig. 7f showed that PCL depolymerase retained its activity in the presence of various organic solvents except benzene that strongly inhibited the activity (P < 0.05). 
DISCUSSION
In this study, we isolated a PCL-degrading bacterium Brevundimonas sp. strain MRL-AN1 from soil through enrichment tech- nique. Some of the species of genus Brevundimonas has been reported to degrade nylon (Sudhakar et al., 2007) and bisphenol A (major component of polycarbonate plastic resins) (Bai et al., 2013) . However, there is no detailed report regarding its degradability against other plastics. Strain MRL-AN1 efficiently degraded PCL film in liquid culture as indicated by weight loss; it might be due to the conversion of long PCL chain into low molecular weight compounds. Fig. 3 indicates that the degradation sequence by strain MRL-AN1 started with roughness of the film and later on creating pits and holes on film surface. The change in the surface structure of the film was consistent with the weight loss, indicating that the crystallinity of PCL contributes to the degradation process of the film by strain MRL-AN1. Crystallinity of polymer and enzymes secretion in culture medium is important to be considered in degradation assays (Rohindra, Sharma and Khurma 2005; Li et al., 2012) .
The degradation of PCL was further investigated by comparing the FT-IR spectra of test with control (abiotic) samples. A peak appeared at 2342 cm −1 region and the one which disappeared at 1771 cm −1 in test sample indicates ester bond (>C-O) breakage (Elzein et al., 2004) . New peaks appeared at 1689 and 1489 cm −1 in test sample, which represents C=C formation due to breakdown of C-H bond (Khatiwala et al., 2008) . The peaks at 1293 and 1162 cm −1 correspond to C-C and C-O backbone stretching which determine the crystallinity index in crystalline and amorphous PCL (Coleman and Zarian 1979) . A peak at 1164.9 cm −1 that represents C-O stretching of the ester functionality (Shah et al., 2013b) disappeared in test samples. The reduction in carbonyl residues was estimated in terms of carbonyl index, which is the ratio between carbonyl to CH 2 peak at 1462 and 1463 cm −1 (Rohindra, Sharma and Khurma 2005 ).
An extracellular PCL-degrading enzyme, designated as PCL depolymerase, was purified from strain MRL-AN1, and its production was induced by the addition of PCL to the medium. Several PCL depolymerases have been purified and characterized from bacteria and fungi (Oda et al., 1997; Chua, Tseng and Yang 2013) . To the best of our knowledge, this is the first report where PCL depolymerase from Brevundimonas sp. strain MRL-AN1 has been purified and characterized. The enzyme is a type of esterase, since it catalyzed an esterolytic activity against various p-nitrophenyl acyl esters, especially against short-chain-length esters, with maximum activity against hexanoic acid ester (Shah et al., 2013a) . PCL depolymerases are considered to have wide substrate specificities since they could degrade various aliphatic polyesters in emulsion form. Unlike the fungus, Penicillium oxalicum DSYD05-1 (Li et al., 2012) , the bacterial strain MRL-AN1 could degrade PLA besides PCL, PES, PHB and PHBV (data not shown).
PCL depolymerase was stable to wide temperature and pH range, with maximum activity at temperature 30
• C and pH 6-8. Any change in temperature and pH affects the protein structure, and a decline in enzyme activity beyond the optimum temperature and pH could be due to enzyme inactivation or its instability (Akbar et al., 2013) . Kim and Rhee (2003) reported PCL depolmerase from fungal strains that showed optimum activity at 40
• C between pH 8.0 and 8.5. In our case, some of the metal ions affected the enzyme activity. The metal ions may modify protein structures as a result of binding to negatively charged amino acid side chains. It has been suggested that the effect of metal ions could be attributed to a change in the solubility and in the catalytic properties of the enzyme itself (Akbar et al., 2013) . The enzyme was stable in the presence of EDTA and β-mercaptoethanol, while inhibited by PMSF which indicates that this enzyme belongs to the serine hydrolase family like other PHA depolymerases and plays an essential role in its activity against polyester-contaminated environment (Khatiwala et al., 2008; Haddar et al., 2009) . The inhibition of enzyme activity by non-ionic surfactants indicated the presence of hydrophobic region near the active site of enzyme (Kim, Nam and Rhee 2002) . Organic-solvent-tolerant enzymes might be due to the residues of carried-over non-polar hydrophobic solvent, providing an interface, thereby keeping the enzyme in an open conformation and thus resulting in the observed activation (Zaks and Klibanov 1988) .
CONCLUSIONS
Our study indicates that Brevundimonas sp. strain MRL-AN1 could degrade various aliphatic polyesters. This observation indicates that strain MRL-AN1 and its enzymes might be useful for the treatment and recycling of biodegradable wastes or bioremediation of the polyester-contaminated environments.
